INTRODUCTION
============

The structural and functional organization of the vertebrate retina is highly adapted for the initial sensing and processing of light signals, but its delicate structure also makes it vulnerable to dysfunction and diseases. The major causes of retinal diseases in adults are the progressive dysfunction and death of photoreceptors, which is induced by excessive light irradiation or mutations ([Fig. 1A](#F1){ref-type="fig"}) ([@R1]). In most degenerative retinal diseases, such as retinitis pigmentosa and age-related macular degeneration, gap junction intercellular communication (GJIC) plays a critical role in the propagation of neuron degeneration and death via a phenomenon known as the bystander effect ([@R2]). This phenomenon---that parts of the retina degenerate and cause the deterioration of adjacent cells---severely affects neuron connections and synchronization, and gradually results in the loss of vision ([@R3]--[@R6]).

![Dissecting the mechanisms of photoreceptor degeneration via the bystander effect using the NN-Chip platform.\
(**A**) Excessive light irradiation induces apoptosis in photoreceptors, which are highly connected throughout the photoreceptor layer by random synapses. (**B**) To dissect photoreceptor communication, which is normally highly coupled in tissue and in dish culture, we loaded the 661W cells individually onto the NN-Chip. Each microwell was connected by microchannels to allow synapse formation between each photoreceptor, generating a highly guided neural network. (**C**) To study the bystander killing effect between cones, we selectively induced apoptosis using blue light sources. (**D**) To quantitatively analyze the role of Cx36 in bystander killing between cones on the NN-Chip, we used CRISPR (clustered regularly interspaced short palindromic repeats)--based gene-edited cells in conjunction with a microinjection unit.](aas9274-F1){#F1}

The role of the bystander effect in photoreceptor degeneration has been studied primarily in vivo, and the observations were made with tissue staining. Several studies have shown that mutations in the rod photoreceptors induce degeneration in adjacent cones, leading to a gradual loss of vision. The function of the photoreceptor gap junction coupling and its relation to the retina degeneration process are thus interesting to study ([@R4], [@R5]). Besides, maintenance of cone functions can extend most of the visual capability in patients, even in those with degenerated rod photoreceptors ([@R7], [@R8]). Therefore, it is important to dissect the bystander effect mechanisms between cones for potential therapeutic approaches.

In particular, the ability to study the bystander effect among photoreceptors in vitro has been limited by the lack of controllable models and quantitative analysis. In tissue experimental models, the apoptosis spreading and the bystander effect cannot be discriminated from the highly coupled photoreceptor layer ([@R9]). In most cases, toxic substances may transmit through gap junctions or diffuse into cells from the surrounding matrix, which is not easy to distinguish in tissue models ([@R4]). Therefore, new models are in urgent need so that such mysteries can be deciphered in a clear, precise, and controllable mode.

Micro- and nanotechnology platforms, which use precise fabrication techniques and the physical properties of flow and operate at the micrometer scale, provide enough precision and controllability for living cell study ([@R10], [@R11]). These techniques should allow the production of a highly ordered neuron array and the high-throughput study of neural conduction or signal transmission between single neurons ([@R12], [@R13]). Here, we developed a platform using a unique microwell array interconnected by microchannels that can rapidly load single neurons in a high-throughput, user-friendly manner ([Fig. 1B](#F1){ref-type="fig"}). Although the microwell technology has been widely used in many biological systems, it is the first time that it is perfectly implemented to neural network study and bystander killing effect exploration. To study the bystander effect at the single-cell level, we loaded single neurons into microwells to isolate neural cell bodies. Each microwell was connected to the surrounding microwells with microchannels that allowed neural communications via their synapses. To our knowledge, this platform can achieve the highest efficiency in cell loading in an up-open system and with cultured cells on a chip. Because this device created a neural network guided by microchannels, we named it neural network chip, or NN-Chip.

To investigate the bystander effect in cones, we loaded cone photoreceptor--derived 661W cells onto the NN-Chip. The 661W cells express the blue and green opsins, cone pigments, and arrestin but no rod-specific antigens, which characterize the cell line as a proper cone model for the bystander effect study ([@R14]--[@R16]). We induced apoptosis using blue light irradiation and monitored the apoptosis propagation ([Fig. 1C](#F1){ref-type="fig"}). Using this clear and visualized system, we observed the apoptosis propagation between cones, which likely occurred due to the enhanced coupling via their connexin 36 (Cx36)--containing gap junctions ([@R17]). Next, to study the role of Cx36 in apoptosis, which is currently being debated ([@R18], [@R19]), and the bystander effect, we used a microinjection unit in conjunction with our NN-Chip platform to perform Cx36 loss-of-function studies ([Fig. 1D](#F1){ref-type="fig"}). Our data showed that Cx36 is required for the cone-to-cone bystander killing phenomenon and is also a deterministic factor for the range and speed that apoptosis can spread. Our study suggests that this structural gap junction protein could be a potential treatment target for alleviating cone photoreceptor degeneration.

RESULTS
=======

Design and operation of the NN-Chip platform
--------------------------------------------

The NN-Chip was designed with AutoCAD software and fabricated using photolithography and polydimethylsiloxane (PDMS) technologies. The device is made up of 2.25 × 10^4^ uniform microwells distributed as a 150 × 150 array, and all adjacent wells were connected by microchannels. In typical microfluidic devices, cells are trapped and loaded using fluid control, whereas in our NN-Chip, we placed suspended cells on top of the NN-Chip and then loaded single cells into each well using programmed centrifugation ([Fig. 2](#F2){ref-type="fig"}, A and B, and movie S1). We designed our device as an up-open stage to facilitate various treatments on cell throughout the experiment, which is indispensable for the bystander effect research. To use the NN-Chip to assess the bystander effect between cones, the device parameters were empirically optimized to meet the following conditions: (i) Only one cell is loaded into each microwell. (ii) Cells should remain in the same well, without migration, during the entire experiment. (iii) Neurons spread their protrusions along with the channels and are coupled with adjacent cells ([Fig. 2C](#F2){ref-type="fig"}). The NN-Chip can also load cells of different types and sizes by sequentially centrifuging into the corresponding wells, allowing the study of various combinations of cell interactions in the future.

![Operation and design of the NN-Chip platform.\
(**A**) Schematic of the cell loading process. (**B**) Representative image of loading efficiency. The 661W cells were incubated in the medium with calcein for 20 min before loading. (**C**) Cell morphology after incubation for 1 hour on chip after loading. Scale bar, 40 μm. (**D**) Results of large-area loading by using the MDA-MB-231 cells with optimized parameters. Scale bar, 40 μm. (**E**) A scanning electron microscopy (SEM) image shows the neural network structure, including the microwells and their connecting microchannels, of the NN-Chip at a 30° tilt angle. (**F**) Representative images show that the 661W cells formed neural network on the NN-Chip. The actin (green) was labeled by phalloidin, and the nuclei (blue) was labeled with 4′,6-diamidino-2-phenylindole (DAPI). (**G**) A representative SEM image shows a 661W cell with synapses extending into the surrounding chambers along with the microchannel. (**H**) Neural network created by iCell neurons. Cells were stained by calcein after culturing on chip for 12 hours. Scale bar, 20 μm.](aas9274-F2){#F2}

For the cone photoreceptor--derived 661W cells, we found the optimal microwell diameter to be 20 μm, the optimal channel width to be 3 μm, and the length to be 20 μm. To our knowledge, the NN-Chip has a higher cell-loading efficiency (\>95% single-cell coverage) than single-cell microwell workstations used in previous reports ([Fig. 2](#F2){ref-type="fig"}, D and E); moreover, this high-throughput platform is extremely suitable to study the bystander behavior ([@R20]). It should be noted that the arrayed pattern, the well diameter, and the channel width, length, and shape are required to be optimized for different cell types to achieve the highest loading efficiency (fig. S1). To prevent migration of the cultured cells, we coated Eagle's basal medium (BME) in the microwells and microchannels, but not on the rest of the chip surface (fig. S2). After the cells were loaded, they were incubated for 6 hours in the conditioned medium to promote attachment and synapse formation ([Fig. 2](#F2){ref-type="fig"}, F and G, and movie S2). We also loaded iCell neurons onto the NN-Chip under another optimized condition. This induced pluripotent stem--derived primary neurons can create their uniform neural network with stable synapse coupling after culturing on the NN-Chip ([Fig. 2H](#F2){ref-type="fig"}).

Finally, we equipped our NN-Chip platform with a high-resolution, multi-position microscope and a microinjection unit. This system permitted us to dissociate the complicated retina structure into a uniform network; moreover, the accompanying microinjection unit allowed chemical modification, and the high-resolution microscope enhanced our observation potential, thereby improving the ability to assess the bystander effect in photoreceptor degeneration.

Blue light irradiation--induced 661W cell apoptosis while culturing on the NN-Chip
----------------------------------------------------------------------------------

Blue light induces more damage than other visible wavelengths in 661W cells ([@R21]). After blue light over-irradiation, excessive reactive oxygen species (ROS) are generated by the high level of oxidative stress, which induces damage to proteins, lipids, and DNAs and results in apoptosis ([@R22], [@R23]). On the basis of this knowledge, we measured ROS concentration after irradiation of the 661W-containing NN-Chip under a 3000-lux-intensity blue light source or a white light source with the same intensity as control for various times. Using a dichlorodihydrofluorescein diacetate (H~2~DCFDA) ROS probe, we found that ROS concentration increased significantly after 6 hours of blue light irradiation compared with that of white light (control) treatment ([Fig. 3A](#F3){ref-type="fig"}). After 24 hours of blue light irradiation, ROS accumulation decreased, likely because most of the cells were completely dysfunctional. It is possible that, in the 661W cells, continuous blue light absorption increases ROS accumulation to the levels that exceed the cells' antioxidative ability, thus triggering apoptosis. ROS accumulation has also been shown to reduce the mitochondrial membrane potential (mmp), which plays an essential role in the antioxidant defense system ([@R24]). Thus, we evaluated the mmp of blue light--treated 661W cells using the JC-1 mmp assay, which labels healthy cells (with high mmp) red, because of the JC-1 aggregates, and apoptotic cells (with low mmp) green, because of the JC-1 monomers. The cells with red and green signals (merged) were considered as pre-apoptosis ([Fig. 3B](#F3){ref-type="fig"} and fig. S3). We also used SYTOX Green to stain the apoptotic cells to verify the existence of the light-sensitive characteristics in the 661W cells while culturing on the NN-Chip. According to statistical data, with increasing blue light irradiation, the number of pre-apoptotic and apoptotic 661W cells increased ([Fig. 3](#F3){ref-type="fig"}, C and D). This assay also demonstrated that blue light irradiation, and the accompanying increased ROS production, resulted in a significant mmp reduction in the 661W cells.

![Maintaining the blue light--sensitive characters of 661W cells after loading and culturing on the NN-Chip.\
(**A**) ROS production accumulation, as measured by the mean florescence intensity (MFI) of H~2~DCFDA, was assessed following blue or white light irradiation for various times (*n* = 10). (**B**) Representative images show JC-1--stained 661W cells after blue light irradiation. The healthy cells with high mmp appeared red (aggregates), the apoptotic cells with low mmp appeared green (monomers), and the pre-apoptotic cells appeared red and green. Scale bar, 20 μm. (**C**) Number of the SYTOX Green--labeled cells under blue light irradiation for different time intervals. (**D**) Percentage of cells in each JC-1--stained group, which were counted in a 100 × 100 cell array (*n* = 10). (**E**) Representative immunostaining images show S-opsin aggregation in 661W cells on the NN-Chip after blue light irradiation for 9 and 18 hours. The cells were stained for actin \[green fluorescent protein (GFP)\] and S-opsin (Alexa Flour 647), and the nuclei were stained with DAPI. Scale bar, 20 μm. (**F**) Quantitative analysis showed that the percentage of S-opsin--aggregated cells was increased by blue light irradiation compared with that by white light irradiation.](aas9274-F3){#F3}

Short-wavelength opsin (S-opsin) is a light-sensitive, cone photoreceptor--specific protein that is, not surprisingly, highly expressed in the 661W cells ([@R25]). Some researchers have noted the S-opsin aggregation as an indicator of cone photoreceptor dysfunction after blue light irradiation ([@R26]). To determine whether this phenomenon occurs in our NN-Chip, we cultured the 661W cells on chip for 6 hours and then treated the cells with blue light for various times (fig. S4). S-opsin aggregation visibly increased after blue light treatment when compared with the white light group ([Fig. 3E](#F3){ref-type="fig"}, arrows). Moreover, statistical results showed an increased percentage of S-opsin--aggregated cells in the 9- and 18-hour blue light--treated groups compared with those of the corresponding white light ([Fig. 3F](#F3){ref-type="fig"}). Together, the increased ROS production, mitochondria dysfunction, and S-opsin aggregation that we observed after blue light irradiation demonstrated that the 661W cells, when cultured on our NN-Chip, maintain their previously documented light-sensitive properties; thus, the NN-Chip is a valid platform to study the bystander effect in the 661W cone photoreceptors.

Blue light--induced apoptosis spread to adjacent cells in a gap junction--dependent manner
------------------------------------------------------------------------------------------

To test the existence of bystander killing between cones, we first validated the existence of tight junctions in the connected synapses between adjacent 661W cells cultured on the NN-Chip (fig. S5). Then, a circular area with a radius of approximately 200 μm in the 661W-containing NN-Chip was treated for 6 hours using a 405-nm laser. After treatment, we removed the laser and monitored the apoptotic cell distribution by SYTOX Green staining. We monitored the results for up to 24 hours after irradiation, and it appeared that apoptosis had spread from the irradiated area to the adjacent cells. To determine whether apoptosis signals are transported to the adjacent cells via gap junctions, we added the gap junction blocker octanol (1 mM) to the culture medium ([@R27]); this treatment appeared to ameliorate the spread of apoptosis during the 24-hour post-irradiation window. We also used quinine (50 μM) and meclofenamic (100 μM), which can selectively inhibit Cx36 and Cx43 individually to test the functions of different connexin types during the apoptosis propagation ([@R28]--[@R30]). Quinine also blocked apoptosis spreading, but meclofenamic did not. These results showed that, in cone photoreceptors, Cx36 plays a vital role in controlling apoptosis spreading, but Cx43 only slightly affects this phenomenon ([Fig. 4A](#F4){ref-type="fig"}). We counted the apoptotic cells every hour after irradiation in each group. In the nontreated group, apoptosis increased throughout the time course; however, this increase was inhibited in the octanol- and quinine-treated group ([Fig. 4B](#F4){ref-type="fig"} and movie S3). Together, all these data provided convincing evidence for the existence of a gap junction--dependent bystander killing effect manner between cone photoreceptors. In addition, Cx36, mainly expressed in the central neuron system especially in cones, could be a potential target for preventing the apoptosis spreading.

![Evidence of the gap junction--mediated bystander killing effect in the 661W cells.\
(**A**) Representative bright field (BF) and fluorescence images show apoptosis distribution, detected by SYTOX staining, in different gap junction inhibitors (octanol, 1 mM; quinine, 50 μM; meclofenamic, 100 μM) after 6 hours of blue light irradiation on the 661W-containing NN-Chip. White circles represent the initial irradiated area. Scale bar, 1 mm. (**B**) Schematic of the 405-μm laser spot diameter irradiation of the NN-Chip. Apoptosis was counted every hour for 24 hours after blue light irradiation (*n* = 10).](aas9274-F4){#F4}

To assess the bystander killing effect at the single-cell level, we used a photomask with 1000 5-μm-radius transparent pinholes on top of the NN-Chip, which only allows blue light irradiation on only one cell each time. We first recorded the positions of the apoptotic cells after blue light irradiation. After that, we monitored the apoptotic cell distribution for various times and quantified the number of the post-apoptotic cells adjacent to the original ones. Time-lapse microscopy revealed that apoptosis eventually occurred in cells adjacent to the blue light--treated cells ([Fig. 5A](#F5){ref-type="fig"} and movie S4). Next, we quantified the apoptotic cell distribution across the NN-Chip after blue light irradiation. We found that 80% of the subsequent apoptotic cells were adjacent to the originally treated ones, whereas the remaining apoptotic cells seemed to reflect as random apoptotic behavior (fig. S6). To further address the mechanism, we hypothesized that, if apoptosis spreads via paracrine, the apoptotic cells should be distributed uniformly around the blue light--treated cells, whereas if apoptosis spreads via gap junctions, the apoptotic cells should be distributed asymmetrically. To distinguish between these two scenarios, we counted the number of post-apoptotic cells adjacent to each pretreated cell. Most pretreated cells were only adjacent to one or two apoptotic cells ([Fig. 5B](#F5){ref-type="fig"}), implying that apoptosis propagation is occurring directionally, likely via gap junctions, and not uniformly as paracrine. Finally, these results demonstrated the existence of the bystander killing effect in cone-derived 661W photoreceptors. Because cones are critical for color recognition and high visual acuity ([@R31]), treatments that inhibit this gap junction--mediated bystander effect between cones could extend the visual capabilities in some retinal disease patients with cone photoreceptor degeneration.

![Analysis of the bystander killing phenomenon at the single-cell level.\
(**A**) Representative time-course images of the bystander effect at the single-cell level in SYTOX-stained 661W cells on the NN-Chip. A single cell was irradiated to blue light, and two adjacent cells eventually undergo apoptosis. Scale bar, 40 μm. (**B**) Schematic of the 5-μm laser spot irradiation of the NN-Chip. The number of post-apoptotic cells induced by each pretreated cell was quantified. The whiskers go down to the smallest value and up to the largest. *P* \< 0.0001 by one-way analysis of variance (ANOVA) analysis compared with zero- and four-cell group; *n* = 10.](aas9274-F5){#F5}

Cx36 is required for apoptosis spreading in cone photoreceptors
---------------------------------------------------------------

Gap junctions allow the passage of substances less than 1 kDa, such as Ca^2+^, inositol trisphosphate, and adenosine triphosphate; however, the exact role of the gap junction protein Cx36 in the cone bystander killing effect remains controversial ([@R9], [@R17]--[@R19], [@R32]--[@R34]). On the basis of our results that Cx36 may have crucial functions in death signal transportation in cones, we then targeted this gap junction using a more straightforward method: by knocking out Cx36 in the 661W cells ([Fig. 6A](#F6){ref-type="fig"} and fig. S7). Next, we used a microinjection unit to inject cytochrome c into single Cx36-knockout (KO) and wild-type (WT) 661W cells cultured on the NN-Chip to measure the apoptosis spreading results. In the cytoplasm, with the release of cytochrome c, several downstream apoptotic signals are activated. Compared with light irradiation, both methods can trigger cell apoptosis, but cytochrome c acts as a more direct factor ([@R35]). Therefore, we chose the microinjection of cytochrome c, instead of light irradiation, to standardize the apoptosis time at the single-cell level.

![Assessing the effects of Cx36 on apoptosis spreading in the 661W cells.\
(**A**) Western blot analysis shows loss of Cx36 in Cx36-KO cells relative to that in WT cells. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. (**B**) A cell was being injected with a Femtotip (inner diameter, 0.5 μm; outer diameter, 1 μm; Eppendorf) on the NN-Chip. (**C** and **D**) Dye distribution in 15 min after injection of 100 mM Lucifer yellow (457 Da) in (C) or of 100 mM FITC-dextran (10 kDa) in (D). (**E** and **F**) Dye distribution in 15 min after the injection of blue dextran (3 kDa) (E) and Lucifer yellow (F) and into the same cell. (**G** and **H**) Representative images show blue dextran (G) and SYTOX (H) distribution 6 hours after cytochrome c (10 mg/ml) and blue dextran (20 mg/ml) co-injection into a single WT cell. (**I** and **J**) Representative images show blue dextran (I) and SYTOX (J) distribution 6 hours after cytochrome c (10 mg/ml) and blue dextran (20 mg/ml) co-injection into a single Cx36-KO cell. (**K**) Quantitative analysis of apoptosis in WT and Cx36-KO groups. The results are calculated from 50 single-cell injections per group. Scale bars, 20 μm (B to J).](aas9274-F6){#F6}

Before performing the cytochrome c microinjection experiments, we optimized the experimental parameters. First, to minimize cell damage and satisfy that cells can still keep their normal function after injection, we optimized the injection pressure to 60 hPa, compensation pressure to 30 hPa, and injection time to 0.1 s ([Fig. 6B](#F6){ref-type="fig"} and fig. S8) ([@R36]). Next, because only substances less than 1 kDa can pass through gap junctions, we verified gap junction function in our 661W-containing NN-Chip by injecting tracers of different molecular weights and monitoring their spread into adjacent cells. We injected solutions containing 100 mM Lucifer yellow (457 Da) and 100 mM fluorescein isothiocyanate (FITC)--dextran (10 kDa), and then analyzed their spreading after 15 min. Lucifer yellow, but not FITC-dextran, easily passed through the gap junctions into adjacent cells ([Fig. 6](#F6){ref-type="fig"}, C and D). Similarly, after injection of both Lucifer yellow and Cascade blue dextran (3 kDa) into the same cell, Lucifer yellow, but not blue dextran, was observed in adjacent cells ([Fig. 6](#F6){ref-type="fig"}, E and F). These data suggest that the gap junctions are functional between the 661W cells on the NN-Chip. These results are consistent with previous reports that showed that only substances less than 1 kDa can pass through the gap junctions ([@R37]).

After optimization, we mixed cytochrome c (10 mg/ml) and blue dextran (20 mg/ml) in microinjection buffer and injected it into the Cx36-KO and WT 661W cells; after 30 min, we cultured them in the SYTOX Green--containing medium. After 6 hours, we assessed the apoptosis and dextran spreading results. The Cx36-KO cells showed visibly less cell apoptosis spreading compared with the WT cells, and the dextran spreading patterns were similar to those of SYTOX in both groups ([Fig. 6](#F6){ref-type="fig"}, G to J). In addition to the gap junctions remaining open after cell apoptosis, the gap junctions may be dysfunctional because of the loss of membrane integration during the bystander killing process, leading the blue dextran spread to the adjacent cells to form this similar pattern ([@R38], [@R39]). Finally, we quantified apoptosis in cells adjacent to the cytochrome c--microinjected cells and demonstrated that the injected Cx36-KO cells had fewer adjacent cells undergoing apoptosis than the injected WT cells ([Fig. 6K](#F6){ref-type="fig"}). These data suggest that Cx36 is responsible for the gap junction--dependent bystander effect in cone photoreceptors.

In summary, although inhibition of Cx36 may relieve the bystander effect in retinal diseases, Cx36 also provides many important functions in the retinal system ([@R32], [@R33], [@R40]), making it difficult to completely block Cx36 as a retinal protection mechanism ([@R41]). Thus, in the future, we aim to elucidate the importance rank of specific death signals, such as ion and microRNAs involved in the bystander effect, using the NN-Chip combined with the microinjection technologies; this should reveal a more feasible method to remedy cone photoreceptor degeneration.

DISCUSSION
==========

Considerable research efforts have focused on finding the molecular mechanisms underlying the bystander effect, with most studies focusing on the role of connexins and gap junctions. Treating cells and observing the behavior of adjacent cells have been the general methods used to dissect the mechanism of the bystander effect. However, researching the bystander killing effect at the single-cell level is a more recent trend that can uncover biological signals without the influence of uncertain elements associated with the complex structure and organization of neural networks. To date, photoreceptor bystander research is fraught with technical challenges, including difficulties in dissociating retinal structures and quantitatively measuring bystander killing speed, unclear observations, and the lack of a reliable single-cell assay. Thus, the ability to observe and quantify the bystander killing effect in cone photoreceptors is instrumental for further mechanistic research.

Here, we developed an innovative NN-Chip platform capable of high-efficiency cell loading via a user-friendly centrifugation method, allowing the immobilization of single cells in individual microwells; the cells are connected to adjacent cells via synapses at uniform distances. Furthermore, because our NN-Chip is an up-open platform combined with a microinjection unit, we can quickly treat single cells and assess the effects on adjacent ones. Using this platform, we demonstrated several findings regarding the bystander effect in cone photoreceptors. First, we established the existence of the bystander killing effect between cone photoreceptor--derived 661W cells by showing that blue light--induced apoptosis in one cell can directionally spread to adjacent cells. In our opinion, we have provided strong, clear, and, most importantly, quantitative evidence of a cone-to-cone bystander killing phenomenon. Second, we assessed the role of the gap junction protein Cx36, which is highly expressed in cones as a communication channel, in bystander killing phenomenon. Disruption of Cx36 via CRISPR-Cas9 (CRISPR-associated protein 9 nuclease) gene editing greatly decreased the apoptosis spreading compared with that of WT 661W cells. These data suggest that, in the cone photoreceptor layer, Cx36-containing channels act as tunnels that allow the passage of apoptotic signals between cone photoreceptors, thus propagating apoptosis throughout the entire photoreceptor layer.

In retina degeneration diseases, the bystander effect is an established mechanism to dissect apoptosis propagation from dying cells to healthy neighbors ([@R4]). As researches show, the gap junction provides a transmitting channel for toxic substances from dying rods to healthy cones ([@R10]), and we consequently analyzed the secondary bystander effect between cones. On the basis of our results that Cx36 provides an avenue for toxic spreading, we may conclude that, although the Cx36-based GJIC is not the only method between cones, Cx36 truly regulates the transmission of toxicity elements. Recently, the use of gene therapies and combined approaches has provided promising therapeutic perspectives; thus, Cx36 may provide a potential treatment target to delay the spreading of photoreceptor degeneration.

In conclusion, we created a novel platform for high-efficiency patterning of neural networks, combined with a microinjection unit, which we believe will lessen the challenges for dissecting the mechanisms of the bystander effect and gap junction functions. Moreover, this platform should have additional applications in other types of neuron studies.

MATERIALS AND METHODS
=====================

Cell culture
------------

The 661W photoreceptor cell line was provided by M. Al-Ubaidi (Department of Biomedical Engineering, University of Houston). These cells were routinely cultured in Dulbecco's modified Eagle's medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Thermo Fisher Scientific) and 1% antibiotic-antimycotic (Gibco, 15240-062) with hydrocortisone 21-hemisuccinate (40 ng/ml; Sigma, H-2270), progesterone (40 ng/ml; Sigma, P-8783), putrescine (0.032 mg/ml; Sigma, P-7505), and 0.004% (v/v) β-mercaptoethanol (Sigma, M-6250) at 37°C in a humidified atmosphere with 5% CO~2~. We used the conditioned medium (medium cultured with 661W cells for 6 hours) to culture cells on BME (Sigma)--coated NN-Chips. We cultured the iCell neurons (Cellular Dynamics International Inc.) onto the poly-[l]{.smallcaps}-ornithine/laminin (Sigma) surface-coated NN-Chip in the complete iCell neuron maintenance medium also at 37°C in a humidified atmosphere with 5% CO~2~.

Design and fabrication of the NN-Chip mold
------------------------------------------

All designs were drawn with AutoCAD software and loaded as glass photomasks (Photo Sciences Inc.). PDMS devices were fabricated by standard photolithography and elastomer molding. We used SU-8 3025 negative photoresist (MicroChem Corp.) to fabricate the 20-μm-deep structures. The SU-8 3025 photoresist was spin-coated onto a 12.7-cm silicon wafer at 500 rpm (Laurell Technologies Corp., model WS-400B-6NPP/LITE/AS) for 10 s with an acceleration of 100 rpm/s to spread out the photoresist and then at 3500 rpm for 60 s with an acceleration of 500 rpm/s. After soft baking at 65°C for 3 min and hard baking at 95°C for 10 min, the wafer was exposed under ultraviolet light with an exposure dose of 150 mJ/cm^2^ for 3 s. It was then heated for post-exposure baking at 65°C for 1 min and hard baking at 95°C for 3 min. After 135°C heating for 30 min, the wafer was hydrophobic-processed by trimethylchlorosilane for 30 min. The modified wafer served as an SU-8 mold structure. The PDMS oligomer and cross-linking pre-polymer of the PDMS agent from a Sylgard 184 kit (Dow Corning) were mixed in a weight ratio of 10:1. After degassing in vacuum, the appropriate weight mixture was poured onto the SU-8 mold to form a 2-mm-thick layer and cured at 85°C for 40 min. After the PDMS replica was peeled off from the SU-8 mold, we cut the PDMS into several 6 × 6 mm squares. For better imaging and cell culturing method, we bonded the PDMS flat surface side to 12-mm glass-based 35-mm dish (Thermo Fisher Scientific) by oxygen plasma \[1 min at an oxygen flow rate of 20 SCCM (standard cubic centimeter per minute), a chamber pressure of 500 mtorr, and a power of 50 W\].

Operation of the NN-Chip
------------------------

To load cells into the NN-Chip, we used the Sorvall Legend X1R Centrifuge (Thermo Fisher Scientific). First, we treated the NN-Chip surface by oxygen plasma (1 min at an oxygen flow rate of 20 SCCM, a chamber pressure of 500 mtorr, and a power of 50 W), immediately covered it with a BME droplet, and placed it at 37°C for 1 hour. After coating, we swiped the excessive liquid and moved the surface onto a 95°C digital dry bath (Bio-Rad) for 1 s to denature the BME coated on the surface. Once finished, we used a Staples invisible tape to peel off the excessive BME. After surface modification, we dropped the 20-μl medium containing suspended cells onto the surface of NN-Chip. We tested several spinning modes and chose the programmed centrifugation as follows: (i) 0 to 1000 rpm, acceleration = 1; (ii) 1000 rpm for 1 min; (iii) 1000 to 600 rpm, deacceleration = 1; (iv) 600 to 0 rpm, deacceleration = 9. After spinning, we transferred the NN-Chip to an inverted microscope (EVOS) and used filter papers (Whatman) from one side to swipe away the unloaded cells. Finally, we slightly dropped the 20-μl conditioned medium on the NN-Chip and cultured cells at 37°C in a humidified atmosphere with 5% CO~2~. All the operations were finished in a culture hood to prevent contamination.

Creating the cone photoreceptor network
---------------------------------------

Loading single 661W cells with high efficiency is crucial for this high-throughput, single neural network platform. Correctly sizing the wells to match the 661W cell size largely influenced the loading efficiency. Efficiency improved as the well diameters increased from 20 to 30 μm; however, well diameters \>30 μm increased the chance of two-cell loading. The density of the suspended cells also affected the loading efficiency, which was decreased by low density and cell gathering. Finally, we optimized the distance between the 661W cells to ensure high coupling of their synapses. We found that 40 μm between the center of every well was the optimal distance to ensure synapse coupling, without large-cell membrane contact. After all these optimizations, we routinely obtained a loading efficiency of \>95%.

Cell staining
-------------

To have a better image, we used calcein (Thermo Fisher Scientific) to stain live cells. Cells were cultured in the calcein-containing medium (1 μM) for 30 min and then loaded onto the NN-Chip. Stained cells can keep the fluorescence for around 1 hour (fig. S1). We also used phalloidin (A12379, Invitrogen) to label the actin in the 661W cells.

Light treatment to the 661W cells
---------------------------------

We used two kinds of blue and white light sources to treat cells under 3000-lux-intensity conditions. Cells were first loaded onto the NN-Chip and incubated under a humidified atmosphere of 5% CO~2~ at 37°C. Then, they were treated with blue light-emitting diode (LED; 464 nm) or laser diode (405 nm) light on top of the NN-Chip, and the intensities were adjusted to the same lux using the Extech LT300 light meter (FLIR Commercial Systems Inc.). Control cells were incubated under the same intensity white LED light (the wavelength peaks are 456 and 553 nm) with the same humidity and temperature environment.

Measurement of cellular ROS production and mmp
----------------------------------------------

For ROS production measurements, 661W cells were loaded onto the NN-Chip and cultured for 6 hours. After 6, 12, 18, or 24 hours of blue or white light irradiation, we added 10 μM CM-H~2~DCFDA (Invitrogen) to the culture medium and incubated for an additional hour. CM-H~2~DCFDA fluorescence was measured using a microplate reader (M33089, Thermo Fisher Scientific). Mmp was measured after the 661W cells were exposed to blue light for 6, 12, or 18 hours using the JC-1 Mitochondrial Membrane Potential Assay Kit (ab11850, Abcam). The images were captured using a fluorescence microscope (EVOS FL Auto Cell Imaging System), and the numbers of fluorescent cells (red, green, and merged) were counted using ImageJ.

Immunostaining
--------------

The 661W cells were loaded onto the NN-Chip and incubated for various times. For S-opsin immunostaining, we fixed the cells with 4% paraformaldehyde (Sigma) for 10 min and blocked them in 3% bovine serum albumin (Sigma) for 30 min after blue light irradiation. Then, we incubated the fixed cells overnight at 4°C with the primary antibody (sc-14363, Santa Cruz Biotechnology Inc.). After washing, the cells were incubated for 1 hour with the secondary antibody \[donkey anti-goat immunoglobulin G (IgG) H&L (Alexa Fluor 647), Abcam\]; then, cell nuclei were stained with DAPI. For Cx36 immunostaining, we used the same procedure with the following antibodies: Cx36 polyclonal antibody (Invitrogen), claudin-1 polyclonal antibody (Invitrogen, 71-7800), and goat anti-rabbit IgG H&L (Alexa Fluor 647, Abcam). Images were taken using a Nikon A1 confocal microscope.

Cell apoptosis analysis
-----------------------

SYTOX Green Dead Cell Stain (Thermo Fisher Scientific) was used to measure apoptosis levels in 661W cells. Medium containing SYTOX (0.5 μM) was added to the NN-Chip after blue light treatment to stain the nucleotides of dead cells; then, we observed apoptosis spreading by time-lapse microscope. To verify the SYTOX results, we used the Annexin V-FITC Apoptosis Detection Kit (Abcam) per the manufacturer's instructions. Dead cells were counted using ImageJ.

Generation of Cx36-KO 661W cells
--------------------------------

The 661W cells were cultured in six-well plates at a density of 5 × 10^4^ cells per well for 24 hours. Then, we added 2 μg of CRISPR/Cas9--Cx36-KO plasmid with a GFP reporter (sc-420563, Santa Cruz Biotechnology) and 6 μl of FuGENE HD Transfection Reagent (Promega) complex to 100 μl of Opti-MEM (Gibco). This transfection reaction was added to the culture medium, and after 24-hour incubation, we sorted the GFP-expressing cells by flow cytometry (LSRFortessa, BD Biosciences). Then, we expanded these cells as single-cell colonies to screen for Cx36-KO 661W cells.

Western blotting analysis
-------------------------

The control and Cx36-KO 661W cells were seeded at a density of 5 × 10^5^ cells per well in six-well plates and incubated for 24 hours. Then, the cells were washed with phosphate-buffered saline, lysed in radioimmunoprecipitation assay buffer (Sigma), and harvested. Lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The protein concentrations were measured using the BCA Protein Assay Kit (Thermo Fisher Scientific) with standard bovine serum albumin. The samples were boiled for 10 min at 100°C. The proteins were separated by SDS--polyacrylamide gel electrophoresis gradient electrophoresis and transferred to polyvinylidene difluoride membranes (Bio-Rad). We used goat anti-Cx36 (sc-14904, Santa Cruz Biotechnology) as the primary antibody and horseradish peroxidase--conjugated donkey anti-goat IgG (ab97110, Abcam) as the secondary antibody.

Operation of microinjection system
----------------------------------

The microinjection system included a microinjector (FemtoJet 4i, Eppendorf) and a micro-manipulator (MS314, WPI) at a step resolution of 0.5 μm. Injected liquid was loaded with a micro-loader (Eppendorf) and then injected into the cells. All the injection process was observed under a charge-coupled device camera (C11440, Hamamatsu), which was a part of the Nikon eclipse Ti-based N-STORM microscopy system.
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fig. S1. Optimization of the parameters and conditions for high-efficiency 661W cell loading.

fig. S2. A schematic shows the microwell BME-coating process on the NN-Chip.

fig. S3. ROS production, mmp measurements, and SYTOX function test in the blue light--treated 661W cells.

fig. S4. Representative immunostaining images of S-opsin from 0 to 18 hours under blue light irradiation.

fig. S5. Existence of tight junctions in synapses and function validation of the SYTOX.

fig. S6. Apoptotic cells were quantified with or without adjacent apoptotic cells (*n* = 10).

fig. S7. Generation and verification of Cx36-KO 661W cells.

fig. S8. Calibration of the microinjection volume.

movie S1. Operation of NN-Chip.

movie S2. Three-dimensional structural view of 661W cells cultured onto NN-Chip after 6 hours.

movie S3. Time lapse of the gap junction--mediated bystander killing effect in the 661W cells.

movie S4. Apoptosis propagation from single cell.
